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Introduction
Polychlorinated biphenyls (PCBs), methyl-
mercury (MeHg), and lead (Pb) are ubiq-
uitous environmental contaminants, to 
which exposure in utero has been linked to 
adverse effects on cognitive function in child-
hood (Grandjean et al. 1997; Jacobson and 
Jacobson 1996; Needleman et  al. 1979). 
PCBs are persistent organochlorine industrial 
compounds that were banned in the 1970s 
and 1980s. Mercury (Hg) is an element 
that enters the food chain from both natu-
ral and anthropogenic sources and is con-
verted to neurotoxic MeHg by aquatic biota. 
Environmental exposure to Pb, a metal that is 
used in numerous commercial products, has 
declined considerably with the conversion to 
unleaded gasoline but continues to be associ-
ated with poorer intellectual function even 
at low levels (Canfield et al. 2003; Lanphear 
et al. 2000).

As a growing number of environmental 
contaminants are recognized as teratogenic, a 
key issue is whether such exposures are associ-
ated with a global, undifferentiated pattern 
of cognitive impairment or whether exposure 

to each substance leads to a distinct profile 
of deficits based on its particular properties 
and mechanisms of action. Most studies of 
Pb have focused on postnatal exposure, pri-
marily during the toddler period, and there 
is extensive evidence of long-term effects 
from postnatal Pb exposure on childhood 
IQ (e.g., Bellinger et al. 1992; Dietrich et al. 
1993) and attention (e.g., Chiodo et al. 2004; 
Plusquellec et al. 2010). In childhood, pre-
natal PCB exposure has been linked primar-
ily to reduced IQ and reading achievement 
(Jacobson and Jacobson 1996; Stewart et al. 
2008), with some evidence suggesting vulner-
ability in response inhibition (Stewart et al. 
2005). Effects of prenatal MeHg exposure in 
childhood have been examined in two large 
prospective studies—one in the Faroe Islands, 
where Hg was associated with poorer cogni-
tive performance at 7 and 14 years of age 
(Debes et al. 2006; Grandjean et al. 1997); 
and the other, in the Seychelles Islands, 
where few adverse associations were found 
(Davidson et al. 2011; Myers et al. 1995, 
2003). In the Faroese study, exposures were 
associated with diverse domains, including 

attention, fine motor function, visual spatial 
abilities, and memory. Consistent with these 
findings, we have recently reported an asso-
ciation between higher prenatal MeHg expo-
sure and alterations in auditory attention and 
visual processing using neurophysiological 
assessments in school-age Inuit children 
(Boucher et  al. 2010; Ethier et  al. 2012). 
Given confounding between PCB and MeHg 
exposure, the effects of these two contami-
nants can be difficult to discriminate from 
each other (Grandjean et al. 2001).

Relatively few studies have examined 
effects of prenatal exposure to these contami-
nants on infant development. Among these 
contaminants, only PCBs have been consis-
tently linked to a specific domain of infant 
cognitive function in multiple studies. In a 
cohort of infants exposed in utero to mater-
nal consumption of PCB-contaminated fish, 
cord blood PCB concentrations were associ-
ated with poorer visual recognition memory 
on the Fagan Test of Infant Intelligence 
(FTII) at 7 months postpartum (Jacobson 
et al. 1985). This finding has been replicated 
at low levels of exposure in Oswego, New 
York (Darvill et  al. 2000), and in infants 
whose mothers were exposed to high levels 
of exposure during an industrial accident in 
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provide early indications of long-term impairment in specific domains that would otherwise not 
likely be evident until school age.
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Taiwan (Ko et al. 1994). Two studies that 
examined the effects of prenatal exposure to 
MeHg in infancy linked that exposure to 
poorer psychomotor function on the Bayley 
Scales of Infant Development (BSID) at 30 
and 36 months, respectively (Davidson et al. 
2008; Lederman et  al. 2008). Most of the 
evidence of cognitive impairment associ-
ated with prenatal Pb exposure comes from 
global developmental assessments, particu-
larly the BSID (Bellinger et al. 1987; Dietrich 
et al. 1987; Hu et al. 2006), although one 
study has provided evidence for effects on 
sustained attention (Plusquellec et al. 2007). 
The two studies that administered the FTII 
to Pb-exposed infants yielded contradictory 
findings (Darvill et al. 2000; Jedrychowski 
et al. 2008).

The assessment of the adverse effects of 
contaminants in fish-eating populations is 
complicated by the fact that contaminated 
marine foods are also often rich in beneficial 
nutrients, such as omega-3 polyunsaturated 
fatty acids (n-3 PUFAs) and selenium (Se). 
We have previously reported evidence of 
beneficial effects on development attribut-
able to prenatal n-3 PUFA intake in this 
cohort (Boucher et al. 2011; Jacobson et al. 
2008), which could obscure adverse effects of 
seafood contaminants. Se may mitigate the 
effects of Hg (Ganther et al. 1972; Jacobson 
1992; Watanabe et al. 1999). Evidence from 
three studies suggests that statistical adjust-
ment for prenatal intake of these nutrients 
can reveal associations with contaminants that 
are not apparent or are weaker than those evi-
dent when no statistical adjustment is made 
(Budtz-Jørgensen et al. 2007; Lederman et al. 
2008; Strain et al. 2008).

Jacobson (1998) compared associations 
of prenatal exposure to PCBs, alcohol, and 
cocaine with the FTII and found that different 
patterns of associations with each of these sub-
stances could already be detected in infancy. 
PCB exposure was associated with poorer 
recognition memory, alcohol with slower 
cognitive processing speed, and cocaine with 
faster processing speed but poorer recognition 
memory. Although specific mechanisms that 
would explain these patterns of adverse asso-
ciations remain unknown, these data suggest 
that administration of narrow band measures 
of infant cognition in populations exposed 
to multiple neurotoxicants has the potential 
to identify specific domains that characterize 
each exposure and suggest sequelae that might 
be anticipated at school age.

In the present study we administered two 
narrow band tests to a sample of Inuit infants 
in Nunavik (Arctic Québec). This population 
is among the most highly exposed to PCBs 
and MeHg on earth because of long-range 
transport of these compounds via atmospheric 
and ocean currents and their bioaccumulation 

in fish and sea mammals that are staples of 
the Inuit diet (Muckle et  al. 2001). Inuit 
children from Nunavik also have higher 
blood Pb levels than their southern Canadian 
counterparts, which has been attributed to 
the use of Pb pellets for hunting small game 
(Lévesque et al. 2003). We hypothesized that 
each contaminant would be associated with 
a distinct profile of cognitive impairment on 
these narrow band measures that differs from 
that associated with the other contaminants. 
We also hypothesized that the associations of 
PCBs and MeHg, two seafood contaminants, 
with the infant outcomes would be stronger 
after statistical control for prenatal seafood 
nutrients, particularly n-3 PUFAs.

Methods
Participants. The sample consisted of 94 Inuit 
infants and their mothers from the Nunavik 
Environmental Contaminants and Child 
Development Study. Between November 
1995 and March 2001, pregnant women 
from the three largest Inuit villages on the 
Hudson Bay coast were invited to partici-
pate. Detailed informed consent was obtained 
from the infant’s mother before participa-
tion, following procedures approved by the 
institutional review boards at Wayne State 
and Laval Universities, and the study was 
endorsed by the Nunavik Nutrition and 
Health Committee and Municipal Councils 
of the three villages. All infant examiners 
were blinded to prenatal exposure history. 
Demographic background, smoking, alcohol 
and drug use during pregnancy, and other 
maternal characteristics were ascertained in 
maternal interviews at mid-pregnancy and 
1 month postpartum.

Infant cognitive assessment. FTII. The 
FTII (Fagan and Singer 1983) was admin-
istered at 6.5 and 11 months. The infant 
is shown two identical photos and is then 
shown the familiar photo paired with a novel 
one; there are 10 problem sets. Two mea-
sures are computed: a) Novelty preference, 
defined as proportion of looking time devoted 
to the novel stimulus, provides a measure of 
recognition memory; b)  fixation duration, 
defined as the average duration of the infant’s 
visual fixations to the stimuli, reflects speed of 
information processing (Colombo et al. 1991; 
Jacobson SW et al. 1992). Both FTII mea-
sures have been shown to be moderately pre-
dictive of childhood IQ (McCall and Carriger 
1993; McGrath et al. 2004). 

A-not-B. In the A-not-B task (Diamond 
1990), administered at 11 months, a small toy 
is placed in one of two embedded wells, which 
are then hidden under cloth covers. After a 
delay of 3–11 sec, the infant can retrieve the 
toy. As the infant grows older, s/he is able to 
correctly retrieve the toy over progressively 
longer time delays. The principal outcome 

is “length of delay–3 correct,” the longest 
delay at which the child retrieves the toy cor-
rectly three times in a row. We also examined 
“length of delay–2 correct,” correct retrieval 
twice in a row, and percent perseverative errors 
on A-not-B trials. A-not-B, which depends 
on working memory and is believed to reflect 
early development of executive function, 
involves the ability to briefly maintain infor-
mation in memory and to override a prepotent 
response—in this case, to use visual input to 
override the impulse to search where the toy 
was previously found (Espy et al. 1999). Some 
have argued, however, that A-not-B assesses 
visually guided reaching (Smith et al. 1999).

Bayley Scales of Infant Development–
2nd Edition. The BSID–2nd Edition 
(BSID-II) (Bayley 1993) is a standardized 
test, the most widely used global assessment 
of infant development, and consists of the 
mental (MDI) and psychomotor (PDI) devel-
opment indices. The BSID-II was adminis-
tered at 11 months.

11-year assessments. IQ was assessed on 
a subset of children (n = 64) on the Wechsler 
Intelligence Scales for Children, 4th Edition 
(WISC-IV) (Wechsler 2003). The test battery 
was administered in Inuktitut, the children’s 
native language, and the scales were adapted 
for Inuit culture. Because the WISC-IV 
Verbal Comprehension subtests are not cul-
turally appropriate for the Inuit, verbal profi-
ciency was assessed on two other verbal tests: 
the Boston Naming Test (Kaplan et al. 1983) 
and the Delis-Kaplan Verbal Fluency Test 
(Delis et al. 2001). IQ was estimated based 
on seven nonverbal WISC-IV subtests and 
these two more culturally appropriate verbal 
tests. The validity of the estimated IQ scores 
was evaluated in a sample of 30 children from 
metropolitan Detroit, Michigan [15 boys, 
15 girls; mean (± SD) age, 10.6 ± 1.4 years], 
who were administered the standard versions 
of the WISC-IV, Boston Naming Test, and 
Delis-Kaplan Verbal Fluency Test, as well 
as the Inuit version of the Boston Naming 
Test. The children’s scores on the standard 
and Inuit versions of the Boston Naming 
Test were highly correlated, intraclass cor-
relation (ICC) = 0.93. Estimated IQ, when 
calculated as it had been for the Inuit chil-
dren, was highly correlated with Full-Scale 
IQ on the standard version of the WISC-IV, 
ICC  =  0.92. To indicate which children 
would likely meet DSM-IV (Diagnostic and 
Statistical Manual of Mental Disorders, 4th edi‑
tion; American Psychiatric Association 2000) 
criteria for attention deficit/hyperactivity dis-
order (ADHD), teacher ratings were obtained 
using the Disruptive Behavior Disorders Scale 
(n = 60) (Pelham et al. 1992).

Biological samples. A 30-mL blood sam-
ple was obtained from the umbilical cord at 
delivery. A 10-mL milk sample was collected 
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from breastfeeding mothers at the postnatal 
interview. PCB-153 (the most prevalent PCB 
congener) and docosahexaenoic acid (DHA; 
the n-3 PUFA most strongly implicated in 
brain development and function) were mea-
sured in the cord plasma samples; and Hg, 
Pb, and Se were measured in cord blood. 
Contaminant and Se analyses were performed 
at the Centre de Toxicologie du Québec 
(Québec City, Québec, Canada) which is 
accredited by the Canadian Association 
for Environmental Analytical Laboratories. 
Detailed analytical procedures are described 
elsewhere (Muckle et al. 2001) and summa-
rized in the Supplemental Material, p. 2.

Confounding variables. The following 
control variables were assessed for consider-
ation as potential confounders of effects of 
contaminants on infant development: infant 
sex and age at assessment; birth weight; mater-
nal age at delivery; parity; social environment 
[composite measure computed by calculat-
ing the average of the z-scores obtained for 
socioeconomic status (SES) (Hollingshead 
2011), maternal education (years), and non-
verbal reasoning ability (Raven et al. 1992), 
the Home Observation for Measurement 
of the Environment (HOME) (Bradley and 
Caldwell 1979), and language used at inter-
view (Inuktitut/English or French)]; mater-
nal binge drinking (≥ 5 drinks/occasion; yes/
no), smoking (cigarettes/day), and frequent 
marijuana use (4 times/month; yes/no) dur-
ing pregnancy; and cord DHA and Se con-
centrations. A composite social environment 
score was used because these variables were 
intercorrelated and together contribute syn-
ergistically to the quality of the intellectual 
environment in the home for promoting cog-
nitive development [e.g., adjusted R2 (coef-
ficient of determination) in a regression model 
for the prediction of MDI performance was 
larger for the composite variable entered alone 
(0.078) than for the sum of each five variables 
(0.056)]. Each of the three contaminants was 
also assessed as a potential confounder in all 
the analyses of the other contaminants.

Statistical analyses. The normality of each 
variable’s distribution was inspected visually 
and checked for skewness and kurtosis (normal-
ity range, –2.0 to 2.0). Natural log transforma-
tions were conducted on PCB‑153, Hg, Pb, 
and Se concentrations and parity because they 
followed log-normal distributions. The follow-
ing variables with extreme values (> 3 SDs from 
the mean) were recoded to one point above 
the highest observed non-outlying value (num-
ber of outliers indicated in parentheses): infant 
age at 11-month assessment (n = 4), and cord 
plasma DHA (n = 1; Winer 1971).

We used repeated-measures multiple regres-
sion analyses (proc mixed, SAS version 9.2; 
SAS Institute Inc., Cary, NC) to examine the 
associations of each of the cord contaminant 

measures with each of the FTII outcomes (nov-
elty preference and fixation duration). This 
method adjusts for within-subject variability 
and allows for pairwise deletion, so that in cases 
with a missing outcome observation (i.e., either 
6.5- or 11-month assessment) the value from 
the other assessment is included. The associa-
tions between the cord contaminant concentra-
tions and the A-not-B and BSID-II outcomes 
were estimated using hierarchical multiple 
regression analyses. Age at testing (except for 
the BSID-II variables which were age-adjusted) 
and social environment were treated as man-
datory covariates in each multivariate model. 
Additional covariates were included in the 
models for a given outcome if correlated with 
that outcome at p < 0.10.

To examine confounding by DHA, which 
may bias associations with contaminants 
toward the null hypothesis, we adjusted for 
DHA by entering it at the last step of each 
analysis. Given the possible protective role 
of DHA and Se, we reran the multivariate 
models, adding interaction terms for each of 
the three contaminants by DHA and for Hg 
by Se on outcomes found to be affected by 
the contaminants.

Results
Sample characteristics. Sample characteristics 
are summarized in Table 1. Approximately 
one mother in four was < 20 years of age at 
prenatal interview, and one in five had com-
pleted secondary school. A large proportion 

Table 1. Descriptive data for the study sample (n = 94).

Variable n Mean ± SD Median Range Percent
Infant characteristics

Sex (% males) 94 63.8
Age at 6.5-month testing (weeks) 91 30.4 ± 3.5 29.9 25.6–40.9
Age at 11-month testing (weeks) 90 50.5 ± 6.9 47.8 43.2–81.1
Birth weight (g) 94 3566.7 ± 461.8 3,550 2,440–4,560
Gestation duration (weeks) 94 39.2 ± 1.5 39.0 36.0–42.0
Adoption status (% adopted) 94 10.6

Maternal and family characteristics
Age at prenatal interview (years) 94 24.6 ± 5.8 24.3 15.3–39.0
Parity (no. of live births) 94 2.1 ± 1.8 2 0–9
Marital status (% married or living with someone) 94 69.1
Breastfeeding (weeks) (% yes)a 93 26.3 ± 17.1 24.3 0.1–57.3 87.1
Social environment composite measureb 94 0.0 ± 0.5 0.1 –1.3–1.3

Maternal education (years) 94 8.9 ± 1.7 9.0 5.5–14.3
Maternal nonverbal reasoning abilitiesc 94 34.6 ± 8.1 36 13–48
Socioeconomic statusd 94 25.5 ± 9.5 24.8 8–44
HOMEe 85 31.6 ± 5.2 32 19–41
Language at interview (% Inuktitut) 94 18.1

Maternal consumption during pregnancy
Cigarettes (no./day) (% yes)f 94 10.8 ± 5.7 10.3 1–25 93.6
Binge drinking (≥ 5 standard drinks of

alcohol per occasion) (% yes) 94 39.4
Marijuana (% yes) 94 40.4

Contaminants and nutrients
Cord plasma PCB-153 (μg/kg lipids) 92 114.8 ± 96.0 78.1 12.0–550.9
Cord blood Hg (μg/L) 91 22.5 ± 16.6 17.0 2.4–97.3
Cord blood Pb (μg/dL) 93 4.8 ± 3.5 3.5 0.5–17.8
Cord plasma DHA (% phospholipids) 90 3.7 ± 1.2 3.7 1.3–7.5
Cord blood Se (μg/L) 91 296.4 ± 122.8 268.5 67.9–915.9

FTII
Novelty preference, 6.5 months (%) 89 57.9 ± 6.2 58.0 39.0–74.0
Novelty preference, 11 months (%) 89 59.5 ± 6.3 59.4 38.0–74.0
Fixation duration, 6.5 months (sec) 89 1.9 ± 0.4 1.8 1.0–3.2
Fixation duration, 11 months (sec) 89 1.7 ± 0.3 1.6 1.2–2.6

A-not-B
Length of delay–2 correct 77 1.8 ± 2.2 0 0–9
Length of delay–3 correct 77 1.4 ± 2.0 0 0–7
Perseverative errors (%) 73 19.6 ± 15.6 17.7 0–69

BSID-II
MDI 87 94.2 ± 7.6 95 76–115
PDI 87 89.5 ± 11.5 89 58–120

WISC-IV at 11 years
Full-Scale IQ 64 88.8 ± 8.7 88 72–108

Disruptive Behavior Scale at 11 years
ADHD 60 30.0

aFor breastfed children, at 11-month visit. bComputed by calculating the average of the z-scores obtained for 
SES, maternal education, Raven, HOME, and language used at interview. cAssessed with the Hollingshead index 
(Hollingshead 2011). dBased on the Raven Progressive Matrices (Raven et al. 1992). eAssessed with the HOME inventory 
(Bradley and Caldwell 1979). fFor mothers who smoked.
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of mothers smoked tobacco while pregnant. 
Prenatal exposures to PCB‑153, Hg, DHA, 
and Se were moderately intercorrelated 
(Pearson correlation coefficients ranged from 
0.25 to 0.53, all p-values < 0.05), presum-
ably because seafood is a primary source. 
Pb was not correlated with DHA or Se (all 
p-values > 0.20), presumably because the pri-
mary source of Pb exposure is lead pellets 
lodged in the muscle of small game, rather 
than seafood.

Pearson correlations between control vari-
ables and infant outcomes are presented in 
Table 2. Age at testing and social environment 
correlated with several of the outcomes, sup-
porting the decision to systematically control 
for these variables in the regression models. 
The predictive validity of the infant measures 
for child cognitive function and behavior was 
also examined by modeling the associations 

with IQ and teacher-rated ADHD at 11 years 
(as independent variables) with and without 
adjustment for contaminant and nutrient 
exposures measured at 11 years of age (see 
Supplemental Material, Table S1). Shorter 
FTII fixations at 11  months were related 
to better performance on the WISC-IV 
Working Memory Index (standardized 
β-coefficient = –0.35; 95% CI: –0.62, –0.08) 
and to Full-Scale IQ (β-coefficient = –0.30; 
95% CI:  –0.58, –0.03), after adjustment 
for contaminants and nutrients at 11 years. 
Higher MDI scores were also associated with 
higher Full-Scale IQ (β-coefficient = 0.28; 
95% CI: 0.01, 0.54).

Associations between contaminants and 
infant performance. Table 3 summarizes the 
results from the regression analyses examining 
the associations between contaminant expo-
sure and infant performance. PCB‑153 was 

associated with poorer recognition memory 
on the FTII, as indicated by lower novelty 
preference. This association reached statisti-
cal significance only after control for cord 
DHA, suggesting that confounding by DHA 
biased the estimated association toward the 
null hypothesis. Because PCBs are lipophilic 
and readily transmitted via breastfeeding, we 
performed a regression analysis on FTII nov-
elty preference based on breast milk PCB‑153 
concentrations, breastfeeding duration, and 
their interaction (Jacobson et  al. 1984). 
Neither breastfeeding duration nor its interac-
tion with PCBs was predictive of this out-
come (p > 0.20), suggesting that the observed 
association was attributable primarily to PCB 
exposure in utero.

After control for confounders, cord blood 
Hg concentrations were associated with 
poorer performance on A-not-B (length of 

Table 2. Pearson correlations relating confounding variables to infant outcomes (n = 94).

Variable

FTII, 6.5 months FTII, 11 months A-not-B BSID-II

Novelty 
preference

Fixation 
duration

Novelty 
preference

Fixation 
duration

Length of 
delay–2 correct

Length of 
delay–3 correct

Perseverative 
errors (%) MDI PDI

Infant characteristics
Sex (females = 1; males = 2) 0.05 0.01 –0.02 –0.02 0.05 0.03 0.10 0.04 –0.05
Age at testing –0.10 –0.14 –0.31** –0.26* 0.28* 0.27* –0.32** 0.14 –0.01
Birth weight 0.12 –0.09 –0.05 –0.09 –0.07 –0.01 –0.05 0.19# 0.18#

Maternal and family characteristics
Age –0.13 0.12 –0.12 0.12 0.01 0.04 0.19 –0.03 –0.04
Parity –0.04 –0.05 –0.10 0.08 0.05 0.05 0.03 –0.05 0.09
Social environment –0.04 –0.38** 0.00 –0.23* 0.14 0.10 –0.15 0.29** 0.15

Maternal consumption during pregnancy
Cigarettes –0.10 0.01 –0.07 0.16 0.14 0.10 –0.14 0.04 0.13
Binge drinking (0 = no; 1 = yes) 0.05 –0.01 0.11 0.09 0.11 0.13 0.02 0.09 –0.09
Marijuana (0 = no; 1 = yes) 0.05 0.10 –0.09 0.05 0.04 0.00 –0.01 –0.03 –0.25*

Nutrients
Cord plasma DHA (% phospholipids) 0.20# –0.09 –0.03 –0.04 –0.10 –0.10 –0.13 0.19# 0.12
Cord blood Se (μg/L) 0.09 0.13 –0.02 0.09 –0.06 –0.05 –0.21# 0.10 –0.10

 #p ≤ 0.10. *p ≤ 0.05. **p ≤ 0.01. 

Table 3. Associations between contaminant concentrations in cord blood (ln-transformed) and test performance [β (95% CI)].

Outcomes

PCB-153 Mercury Lead

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
FTII

Novelty preference –0.14 
(–0.30, 0.02)#

–0.14 
(–0.30, 0.02)#

–0.17 
(–0.34, 0.00)*

0.03 
(–0.14, 0.20)

0.03 
(–0.15, 0.20)

0.00 
(–0.19, 0.19)

–0.12 
(–0.28, 0.04)

–0.14 
(–0.31, 0.03)#

–0.13 
(–0.31, 0.05)

Fixation duration 0.07 
(–0.07, 0.21)

0.09 
(–0.05, 0.22)

0.09 
(–0.05, 0.24)

0.14 
(–0.01, 0.29)#

0.11 
(–0.03, 0.26)

0.13 
(–0.03, 0.29)#

0.21 
(0.07, 0.35)**

0.15 
(0.01, 0.29)*

0.21 
(0.07, 0.35)**

A-not-B
Length of delay–2 correct –0.12 

(–0.34, 0.11)
–0.20 

(–0.41, 0.02)#
–0.15 

(–0.36, 0.07)
–0.22 

(–0.43, 0.01)#
–0.30 

(–0.49, –0.07)**
–0.25 

(–0.46, 0.00)*
–0.12 

(–0.35, 0.11)
–0.11 

(–0.35, 0.13)
–0.08 

(–0.30, 0.15)
Length of delay–3 correct –0.14 

(–0.36, 0.10)
–0.23 

(–0.44, –0.01)*
–0.18 

(–0.40, 0.05)
–0.20 

(–0.42, 0.03)#
–0.28 

(–0.49, –0.05)*
–0.22 

(–0.45, 0.03)#
–0.08 

(–0.31, 0.15)
–0.08 

(–0.32, 0.16)
–0.05 

(–0.28, 0.19)
Perseverative errors (%) 0.10 

(–0.14, 0.35)
0.21 

(–0.03, 0.47)#
0.20 

(–0.04, 0.47)#
–0.27 

(–0.52,–0.04)*
–0.15 

(–0.45, 0.13)
–0.21 

(–0.53, 0.09)
0.07 

(–0.17, 0.31)
0.04 

(–0.20, 0.29)
–0.00 

(–0.27, 0.27)
BSID-II

MDI 0.08 
(–0.15, 0.31)

0.07 
(–0.14, 0.29)

0.03 
(–0.20, 0.26)

0.10 
(–0.13, 0.33)

0.12 
(–0.10, 0.35)

0.08 
(–0.15, 0.33)

–0.05 
(–0.28, 0.17)

0.03 
(–0.19, 0.25)

–0.02 
(–0.26, 0.23)

PDI 0.00 
(–0.22, 0.23)

–0.02 
(–0.24, 0.20)

–0.05 
(–0.28, 0.18)

0.04 
(–0.19, 0.28)

0.04 
(–0.19, 0.27)

0.01 
(–0.24, 0.25)

–0.09 
(–0.32, 0.13)

–0.03 
(–0.26, 0.19)

–0.05 
(–0.30, 0.20)

Values are standardized regression coefficients (95% CIs) for multiple regression analyses (with repeated measures for FTII measures). Model 1: univariate model; model 2 = multivari-
able model adjusting for potential confounders (FTII outcomes and A-not-B Length of delay: infant age at testing, social environment composite; A-not-B Perseverative errors: infant 
age at testing, social environment composite, cord Se; MDI: social environment composite, birth weight; PDI: social environment composite, maternal marijuana during pregnancy); 
model 3, multivariable model adjusting for potential confounders and DHA.
#p ≤ 0.10. *p ≤ 0.05. **p ≤ 0.01. 
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delay–2 correct). The association between Hg 
and length of delay–3 correct fell just short of 
statistical significance after control for DHA. 
Prenatal Pb was associated with longer fixa-
tion duration on the FTII, suggesting slower 
information processing speed. None of the 
contaminant variables was associated with 
the BSID-II measures. Figure 1 shows mean 
performance according to tertile of exposure 
for each significant association between the 
contaminants and infant outcomes. Except 
for cord blood Pb and FTII fixation dura-
tion at 11 months, associations increased or 
decreased monotonically with increasing ter-
tiles of exposure

None of the interaction terms for the con-
taminants with DHA, or Hg with Se, were 
significant (all p-values > 0.10), and there was 
no pattern of results suggesting antagonistic 
effects that could not be detected due to low 
statistical power (data not shown).

Discussion
In the present study we estimated effects of 
prenatal exposure to PCBs, Hg, and Pb on 
cognitive function at 6.5 and 11 months of 
age in a single cohort. Each contaminant was 
adversely associated with a different outcome, 
suggesting neurotoxic impairments that 
may be mediated by distinct mechanisms. 
PCB exposure was associated with poorer 
visual recognition memory; Hg, with poorer 
A-not-B performance; and Pb, with slower 

information processing speed. By contrast, 
these contaminants were not associated with 
the more global BSID-II MDI and PDI 
assessments. This specificity is consistent with 
our previous findings suggesting that the rec-
ognition memory deficit is specific to prenatal 
PCB exposure and different from effects of 
other neurotoxicants, including alcohol and 
cocaine (Jacobson 1998).

Our findings are consistent with previ-
ous reports based on study populations in 
Michigan; Taiwan; and Oswego, New York, 
that prenatal PCB exposure is related to 
impaired recognition memory on the FTII 
(Darvill et  al. 2000; Jacobson et  al. 1985; 
Ko et al. 1994), and extends this finding to a 
fourth, ethnically and culturally very differ-
ent population—the Inuit. PCB levels in this 
cohort lie between those reported for the Lake 
Michigan and Oswego studies (Longnecker 
et al. 2003). Confounding of PCBs and MeHg 
can make it difficult to differentiate between 
the effects of these contaminants (Grandjean 
et al. 2001). In our study, Hg exposure, which 
was similar to levels reported in the Faroe and 
Seychelles cohorts (Grandjean et al. 1999; 
Myers et al. 1995), was not related to recogni-
tion memory but rather to A-not-B, which 
depends on working memory and is an early 
precursor of executive function. Thus, our 
findings suggest impairment on distinctively 
different narrow band end points assessed dur-
ing infancy. Two previous prenatal Pb studies 

using the FTII focused only on novelty prefer-
ence and yielded inconsistent findings (Darvill 
et al. 2000; Jedrychowski et al. 2008), and Pb 
exposure was not significantly related to nov-
elty preference in our data. To our knowledge, 
this is the first study to examine prenatal Pb 
in relation to FTII processing speed (fixation 
duration) and to find an association of prenatal 
Pb with this end point in a group of children 
with a range of exposures that was relatively 
low. Like prenatal Pb exposure, fetal alcohol 
exposure has been associated with slower pro-
cessing speed (Jacobson et al. 1993; Kable 
and Coles 2004), which may reflect impaired 
myelination during early development.

Associations between prenatal PCB expo-
sure and FTII novelty preference in three dif-
ferent cultures—the United States, Taiwan, 
and Nunavik—suggest a reliable and spe-
cific effect on learning and memory that can 
already be detected in young infants. Prenatal 
PCB exposure has also been associated with 
increased short-term memory errors in 
4-year-old children (Jacobson JL et al. 1992) 
and learning and memory deficits in adult 
rats (Boix et al. 2010; Curran et al. 2011). 
Experiments on cell cultures have demon-
strated perinatal PCB-induced permanent 
alterations of long-term potentiation in hip-
pocampal cells of rats, which might account 
for the learning deficits observed in PCB-
exposed children and animals (Carpenter 
et al. 2002; Gilbert 2003; Niemi et al. 1998).

Figure 1. Dose–response analyses relating prenatal PCB exposure to FTII novelty preference at 6.5 (A) and 11 (B) months, adjusted for child age, social environ-
ment, and DHA; (C) prenatal Hg to A-not-B Length of delay–2 correct adjusted for child age and social environment; and Pb to FTII fixation duration at 6.5 (D) and 
11 (E) months, adjusted for child age and social environment. Adjusted means were computed by summing the residuals from the each of the regression analyses 
(including each confounder). Error bars represent ± 1 SE.
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This study is the first to report evidence 
of adverse effects of prenatal Hg exposure 
on the A-not-B task at 11 months. Prenatal 
Hg has been linked to poorer psychomotor 
development at 30 and 36 months, but not 
at 9, 12, or 24 months and was not related 
to A-not-B at 25 months (Davidson et al. 
2008; Lederman et al. 2008). Certain time 
windows may be more sensitive for detect-
ing Hg-related neurotoxic effects on particu-
lar tests or functional domains, which may 
explain some of the inconsistencies observed 
across studies.

This study also provides further empiri-
cal evidence that statistical control for sea-
food nutrients can improve estimation of the 
adverse effects of prenatal exposure to seafood 
contaminants. Failure to control for DHA 
would have prevented us from detecting 
significant associations between PCBs and 
FTII novelty preference. Statistical control 
for seafood nutrients also led to detection of 
stronger adverse associations between pre-
natal Hg exposure and cognitive function in 
previous studies. In a recent Seychelles study, 
the association between Hg and 30-month 
psychomotor function was not significant 
until adjustment was made for n-3 PUFAs 
(Strain et al. 2008); in a lower Manhattan 
study, associations with 36-month PDI and 
48-month IQ were not evident until maternal 
seafood consumption during pregnancy was 
adjusted (Lederman et al. 2008); and in the 
Faroes, control for maternal fish consump-
tion during pregnancy strengthened adverse 
associations between prenatal MeHg exposure 
and cognitive performance at 7 and 14 years 
(Budtz-Jørgensen et al. 2007). This converg-
ing evidence underscores the importance of 
measuring seafood nutrients when evaluating 
neurotoxic effects of exposure to seafood con-
taminants (Valera et al. 2009).

Although our findings suggest specific 
patterns of adverse effects resulting from 
prenatal PCBs, MeHg, and Pb exposures, 
some limitations need to be considered. The 
study was conducted on a relatively small 
sample of children, thereby limiting statisti-
cal power. Our infant assessment was lim-
ited to three tests; a more comprehensive 
assessment might have revealed additional 
affected domains or some overlapping effects 
of these contaminants. Our study suggests 
that each neurotoxic contaminant may have 
a distinct “behavioral signature,” but situ-
ational, subject-related, and environmental 
factors can influence a chemical’s toxicity. 
Because cohort studies often differ on these 
factors, specific outcomes affected by a given 
exposure may vary from one study to another, 
which may explain some of the inconsisten-
cies found across studies (Bellinger 1994). 
We were able to control for an extensive list 
of potential confounders, such as maternal 

alcohol, drug, and cigarette use during preg-
nancy, but lacked measures of postnatal 
exposure to MeHg and Pb because they were 
not assessed at 6 months. We also did not 
assess iron status at birth or during infancy. 
Because iron contributes to brain and cogni-
tive development (Carter et al. 2010; Lozoff 
2007) and iron deficiency may increase Pb 
absorption (Rahman et al. 2012), iron status 
should be assessed in future studies.

Conclusions
In this study we examined effects of prenatal 
exposure to three neurotoxicants on infant 
cognitive development using neurobehavioral 
tasks assessing different domains of cogni-
tion. Each contaminant was independently 
associated with impairment of distinct aspects 
of cognitive function with long-term impli-
cations for cognitive development—PCBs 
with visual recognition memory, MeHg 
with working memory and an early precur-
sor of executive function, Pb with processing 
speed—deficits that can already be detected 
during the first year of life. These data provide 
compelling evidence for the utility of narrow 
band measures of infant cognition in stud-
ies of neurotoxic pollutants. Early detection 
of adverse effects can permit faster recogni-
tion of a substance’s neurotoxicity, thereby 
promoting more rapid interventions aimed 
at reducing exposure in populations at risk. 
These findings also underscore the impor-
tance of adjusting for co-exposure to seafood 
nutrients, particularly DHA, when estimating 
effects of exposure to contaminants in fish 
and sea mammals to avoid the risk of fail-
ing to detect adverse effect on public health. 
Finally, our study supports current public 
health recommendations in Nunavik aimed at 
limiting consumption of highly contaminated 
traditional foods (e.g., marine mammal fat 
and meat), especially among women of child-
bearing age. Because of their low contaminant 
levels and high fatty acids concentrations, fin-
fish species, such as Arctic char, which are 
also part of the traditional Inuit diet, would 
constitute good substitutes for these foods.
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